Background. Although opportunistic infections due to Mycobacterium avium complex (MAC) have been less common since the introduction of highly active antiretroviral therapy, globally, human immunodeficiency virus-1 (HIV-1)-positive patients remain predisposed to these infections. Absence of a properly functioning acquired immune response allows MAC persistence within macrophages localized in lymph nodes coinfected with HIV and MAC. Although a deficiency in interferon γ appears to play a part in the ability of MAC to deflect the macrophage-associated antimicrobial attack, questions about this process remain. Our study examines the ability of MAC to regulate interleukin 17 (IL-17), a proinflammatory cytokine involved in host cell recruitment.
The immunocompromised individual remains at risk for opportunistic infections, including Mycobacterium avium complex (MAC), most evident in individuals infected with human immunodeficiency virus-1 (HIV-1) [1] [2] [3] [4] . Although infection with opportunistic pathogens represented an early diagnostic feature of AIDS, the nature of such opportunistic infections has changed over the past 2 decades with the use of highly active antiretroviral therapy (HAART) [5] . However, viral resistance and noncompliance with HAART can contribute to the prevalence of opportunistic infections that are associated with morbidity and mortality in patients with advanced AIDS [3] . In these patients. MAC has a predilection for the gastrointestinal tract and for lymphoid tissues and may disseminate via the bloodstream [1, 3, 4] . Of interest, immune reconstitution inflammatory syndrome, a transient focal manifestation of variable duration that begins after the initiation of HAART and reactivates preexisting infections, such as those due to MAC, has been increasingly reported in HIV-infected individuals [4, 6] .
The introduction of tumor necrosis factor α (TNF-α) blockers in the treatment of autoimmune diseases has also led to an increased risk of infection and reactivation of infection due to various mycobacterial species, with MAC responsible for most pulmonary nontuberculous mycobacterial and disseminated infections [7] . In some patients receiving anti-TNF-α therapy, pulmonary nontuberculous mycobacterial disease developed even when therapy was administered with antimycobacterial drugs. Individuals with genetic defects in interferon γ (IFN-γ) and interleukin 12 (IL-12) signaling pathways, as well as elderly individuals, are also susceptible to MAC [8, 9] . Two severe cases of MAC infection, one of which was fatal, have been reported in a new immunodeficiency syndrome associated with CXCR4 dysfunction [10] . More recently, and for reasons that are still being studied, an increase in the number of nontuberculous MAC infections in non-HIV-infected individuals has become more evident [11] .
Macrophages are essential in controlling MAC infection but can become infected with substantial numbers of MAC organisms when the level of IFN-γ-producing CD4 + T cells decreases, which is typical in patients with AIDS [1] . Moreover, macrophages infected with mycobacteria can become refractory to IFN-γ in vitro, and evidence suggests that therapeutic administration of exogenous IFN-γ may not always resolve MAC coinfections, even in the presence of HAART [12] . We recently showed that macrophage IFN-γ unresponsiveness is due, at least in part, to the ability of MAC to induce suppressors of cytokine signaling (SOCS) and that coinfected lymph nodes express high levels of SOCS1 and SOCS3 proteins [13] .
To delineate factors that may influence recruitment of macrophage hosts to the site of mycobacterial replication, we examined the potential role of interleukin 17A (IL-17A), which is recognized as pivotal, particularly in the early response to infection [14] . IL-17 has been mostly linked to the CD4 + helper T-cell 17 (Th17) lineage and is also produced by γδ T cells, natural killer cells, neutrophils, and Paneth cells [14] . IL-17 is not only involved in initiating and sustaining the inflammatory response, it also plays critical roles in chronic inflammation and autoimmunity [15] . The IL-17 family of cytokines consists of 6 members, IL-17A-IL-17F, but their individual roles in infectious diseases are poorly defined [14] .
Here, we provide evidence that IL-17 is involved in the host immune response to MAC but that increased IL-17 originates in macrophages localized in coinfected lymph nodes of patients with AIDS and is detected in macrophages infected in vitro. MAC-induced IL-17, in turn, may recruit new bacterial hosts, even in the relative absence of IFN-producing T cells, by inducing chemokines, such as CXCL10, associated with disease progression in MAC-infected patients [16] . Our data demonstrate involvement of the nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) and mitogen-activated protein kinase (MAPK) signaling pathways in the regulation of MAC-induced IL-17 transcription. Exposure of macrophages to mycobacteria resulted in modulation of additional factors involved in regulation of IL-17 expression. On the other hand, enhanced expression of SOCS and CD274/PD-L1 may support an immunosuppressive environment favoring bacterial survival. MAC-induced IL-17 apparently triggers and sustains infiltration during the early and chronic immune response to mycobacteria, ensuring abundant target cells for both viral and mycobacterial replication, while dampening protective host-pathogen responses. Collectively, our data implicate MAC as modulating the immune response for its own benefit, thereby contributing to persistence of this opportunistic pathogen in the immunocompromised host.
MATERIALS AND METHODS

Ethics Statement
Paraffin-embedded lymphoid tissues from uninfected individuals, patients with HIV infection, and patients with HIV/ MAC coinfection were obtained through the AIDS/Cancer Specimen Resource (ACSR; available at: http://acsr.ucsf.edu). The ACSR is a National Cancer Institute-funded tissuebanking program that obtains tissues from patients after appropriate consent and a deidentification procedure before sending tissues to ACSR-approved investigators. The ACSR is recognized by the Office of Biorepositories and Biospecimen Research at the National Institutes of Health (NIH) as being HIPAA (Health Insurance Portability and Accountability Act of 1996) compliant in accordance with ethical standards of the Declaration of Helsinki. All material was obtained under approval from the UCSF Committee on Human Research.
Purification of Human Monocytes
Human peripheral blood mononuclear cells obtained by leukapheresis from normal volunteers in the Department of Transfusion Medicine at the NIH (Bethesda, MD) were diluted in endotoxin-free phosphate-buffered saline without Ca2 + and Mg2 + (BioWhittaker) for density sedimentation. Monocytes in the mononuclear cell layer and T lymphocytes were purified by counterflow centrifugal elutriation within 4 hours after leukapheresis [13, 17] . Freshly elutriated monocytes were resuspended in DMEM (2 mM/L glutamine, 50 μg/mL gentamicin; BioWhittaker), plated in 6-well plates at 6 × 10 6 cells/well, and allowed to adhere for 2-4 hours, after which 10% fetal bovine serum was added. Cells were allowed to differentiate into monocyte-derived macrophages (MDMs) by culturing for 6-7 days at 37°C in 5% CO 2 . T cells were exposed to anti-CD3/CD28 antibodies (eBioscience) or phytohemagglutinin (Sigma).
Infection of MDMs
Macrophages were infected with M. avium strain 2-151, which is virulent and has a smooth, transparent morphotype, or with HIV-1 [18] . MAC was added at a ratio of 5:1 or 10:1 to macrophages or monocytes from 1 to 18 hours. Some cultures were exposed to the NF-κB inhibitor Bay-11-7082, the MAPK p38 inhibitor SB203580, or the Erk1/2 inhibitor U0126 (Calbiochem) for 60 minutes before mycobacteria were added.
Real-Time Reverse-Transcription Polymerase Chain Reaction (RT-PCR)
Total cellular RNA was extracted from adherent control or infected macrophages by use of the RNeasy mini kit and were exposed to DNase (Qiagen). For real-time RT-PCR, 1 μg of total RNA was used for reverse transcription by oligodeoxythymilic acid primer, and resulting complementary DNA was amplified by PCR, using the ABI 7500 sequence detector (Applied Biosystems). Amplification was performed using Taqman expression gene assays for IL-17A (Hs_00174383_ m1), IL-17F (Hs_00369400_m1), CXCL10 (Hs_00171042_ m1), IL-21 (Hs_00222337_m1), CXCR3 (Hs_00171041_m1), SOCS1 (Hs_00705164_s1), SOCS3 (Hs_00171041_m1), IRF4 (Hs_01056533_m1), STAT3 (Hs_01047580_m1), CD274 (Hs_01125301-m1), and GAPDH (Hs_99999905_m1) as normalization control (Applied Biosystems). Data were examined using the 2 −ΔΔ CT method [19] , and results are expressed as fold increases. Conventional PCR was performed on RNA samples for IL-17 (forward: 5′-GTGAAGGCAGGAATCA CAATC-3′; reverse: 5′-ACCAGGATCTCTTGCTGGAT-3′).
Immunohistochemical Analysis
Biopsy specimens from lymph node tissues were obtained from 3 patients with AIDS-defining opportunistic infection or from HIV-1-seropositive subjects without evidence of opportunistic infection and were fixed in 10% neutral-buffered formalin, paraffin embedded, and sectioned. Tissue sections were dewaxed with xylene, rehydrated through graded alcohol solutions, and processed for antigen retrieval in a decloaking chamber (Biocare Medical) in unmasking solution (Vector Laboratories), followed by cooling at room temperature. Endogenous peroxidase activity was blocked with 3% H 2 O 2 in 50% methanol (for 15 minutes). Prior to adding primary antibody, tissue sections were incubated with blocking serum for 30 minutes, followed by incubation with anti-IL-17A (5 μg/mL; Santa Cruz Biotechnology), anti-IL-21 (0.5 μg/mL; eBioscience), anti-CD3 (25 μg/mL; Abcam), or anti-CD68 antibody (Invitrogen) overnight at 4°C. Sections were incubated for 30 minutes with biotinylated secondary antibody. IL-17A-immunoreactive staining was performed using ABC reagent from Vectastain Elite Kit (Vector Laboratories) for 30 minutes. Bound antibodies were visualized using 3,3-diaminobenzidine-tetrahydrochloride substrate chromogen (Zymed). Slides were counterstained with Meyer hematoxylin, dehydrated, and mounted with Permount (Fisher Scientific). Immunohistochemical staining was also performed using isotype-matched control primary antibody (Jackson ImmunoResearch Laboratories). Alexa-Fluor-488 and Alexa-Fluor-546 secondary antibodies and Hoechst stain (Invitrogen) were used for immunofluorescence analysis. Staining of mycobacteria was performed as described elsewhere [1, 17, 18] .
Western Blot
Macrophages were exposed to MAC, and protein lysates were harvested at indicated time points. Lysates were prepared using a protein-extraction reagent, and cell debris was removed [13] . Protein concentration was determined using the Bio-Rad D C Protein Assay (Bio-Rad). Samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by Western blot [13] , for p38, P-p38, Erk1/2, PErk1/2, Iκbα, and P-Iκbα (Cell-Signaling Technology); IL-21 (eBioscience); and tubulin (Sigma). Signal was developed using the SuperSignal West Pico Chemiluminescent Substrate (Pierce).
IL-17 and Viral p24 Antigen Enzyme-Linked Immunosorbent Assay (ELISA)
Macrophage culture supernatants were collected after exposure to mycobacteria and evaluated for IL-17A by ELISA (R&D Systems). Culture supernatants were also examined for p24 viral antigen (PerkinElmer).
Flow Cytometry
Cells were washed with phosphate-buffered saline containing 0.1% bovine serum albumin and 0.01% sodium azide and were stained with CD14-FITC (clone:M5E2), PD1-PE (clone: MH4), and PDL1-PEcy7 (clone:MIH1) (BD Biosciences) with predetermined concentrations, according to the manufacturer's instructions. Data acquisition was performed using LSR-II, and data were analyzed using FlowJo Software. Data are expressed as the percentage of positive cells.
Statistical Analysis
Data are presented as means ± standard error of the mean and were analyzed using the Student t test, with P values ≤.05 considered statistically significant.
RESULTS
Expression of IL-17 in HIV/MAC-Coinfected Lymph Nodes
Coinfection with MAC and HIV provides an environment propitious for replication of both pathogens [13, 18] . In previous studies, we demonstrated that massive infiltration of host macrophages is evident in coinfected lymph nodes of patients with AIDS [1, 13] . To investigate mechanisms contributing to an influx of host cells to the site of infection despite a paucity of T cells [1] , we examined lymph node tissues for IL-17, a proinflammatory cytokine. Immunohistochemical analysis of tissue from coinfected lymph nodes revealed enhanced IL-17 expression, compared with tissues infected with HIV alone, in which IL-17 was minimally expressed ( Figure 1A and 1B). The majority of the cells positive for IL-17 were determined to be macrophages ( Figure 1A ) on the basis of size, morphology, macrophage-specific CD68 immunohistochemical staining ( Figure 1C ), and presence of intracellular mycobacteria ( Figure 1C ). By comparison, infiltration of monocytes into the lymph nodes occurs typically after an unsuccessful attempt to control mycobacterial infection [20] . Macrophages appeared to be minimally represented in lymph nodes lacking MAC ( Figure 1B) , as did detection of IL-17, further implicating macrophages as the originating cell population for this cytokine in the context of coinfection. Staining was not observed in isotype-matched antibody-stained coinfected tissues ( Figure 1D ). To further document macrophages as the IL-17-producing cell population, we used serial tissue sections to stain for IL-17, CD68, and CD3 + T cells (Figure 2) . First, the distribution of T cells and macrophages in uninfected and HIV/MAC-coinfected lymph nodes was strikingly different. Figure 2E and 2F). Similar IL-17-staining patterns were observed in 2 additional coinfected specimens obtained from patients with AIDS, further suggesting that this was a shared response to MAC in HIV-positive populations ( Figure 2G and 2H). Finally, we performed colocalization studies using immunofluorescence with antibodies to CD68 and IL-17 and documented that CD68 + macrophages were indeed also positive for IL-17 ( Figure 3 ).
IL-17 Gene Expression in MAC-Infected Macrophages In Vitro
Although macrophages infected with MAC in lymph nodes stained positively for IL-17, they could have been the source of the cytokine and/or could have acquired IL-17 from another source. To determine whether MAC triggered IL-17 synthesis in this population, we examined the effect of MAC on IL-17 production in vitro, using human MDMs [17, 18, 21] . Induction of IL-17 messenger RNA (mRNA) was evident early, with a 15-fold increase in production detected 1-2 hours after MAC exposure ( Figure 4A closely related cytokine IL-17F at levels relatively similar to those of IL-17 ( Figure 4B ). IL-17 isoforms such as IL-17C/B/D that were examined in parallel were minimally induced (approximately 2-fold for IL-17C) or not induced (data not shown). In contrast, MAC did not directly trigger IL-17 transcription in T lymphocytes, compared with CD3/CD28 or phytohemagglutinin ( Figure 4C ). Culture supernatants from MAC-exposed macrophages revealed increased IL-17 expression, as demonstrated by ELISA ( Figure 4D ). Macrophages coinfected in vitro with HIV/MAC revealed higher IL-17 expression, compared with cultures exposed to MAC alone (P ≤ .05), and no transcriptional induction occurred as a result of HIV infection ( Figure 4E ). Although IL-17 may itself trigger myeloid cell recruitment, it is also known to increase CXCL10 levels [22] . Infected macrophages express elevated mRNA levels of CXCL10, a chemokine known to participate in recruitment of T lymphocytes and monocytes/macrophages [23, 24] and to be associated with poor response to treatment in patients with nontuberculous mycobacteria [16] . Moreover, concomitant exposure to MAC and IL-17 resulted in higher levels of CXCL10, compared with cells exposed to either MAC or cytokines alone (P < .05) ( Figure 4F ). Of interest, exposure of blood-derived monocytes to MAC resulted in an increase in CXCR3 mRNA, the CXCL10 receptor ( Figure 4F ).
MAC-Induced Signal Transduction Leading to IL-17
Interaction of mycobacteria with Toll-like receptor 2 (TLR2) on macrophages engages several signaling pathways, including the NF-κB signaling pathway [17, 25] (Figure 5A ). Activation of this pathway by MAC occurred within 15-30 minutes, as detected by phosphorylation of IkB ( Figure 5A ). Evaluation of NF-κB after using the NF-κB inhibitor Bay-11-7082 (administered 1 hour prior to MAC exposure) to inhibit bacteria-induced phosphorylation of IκBα ( Figure 5A ) showed significant reduction in IL-17 transcription ( Figure 5B ). Since interaction of MAC with macrophages also triggers activation of MAPK pathway ( Figure 5C ), preexposure of cultures to a p38 or Erk1/2 MAPK inhibitor resulted in diminished induction of IL-17, compared with cells exposed to MAC alone (P ≤ .01; Figure 5D ). Our findings indicate that NF-κB and MAPK signaling pathways contribute to MAC-induced IL-17 transcription in macrophages and that disruption of these pathways blunts IL-17 expression.
MAC Regulation of IL-17 Transcription
Further analyses of MAC-infected macrophages revealed that these cells express sustained elevated levels of IL-17 mRNA, with levels remaining high 18 hours after infection ( Figure 6A ), suggesting that additional elements may participate in supporting IL-17. We analyzed gene expression of RORc, which has been described as playing a role in IL-17 expression in lymphoid cells [26] , but we did not detect modulation of this transcription factor (data not shown). Of interest, IRF4, which has been reported to regulate IL-17 transcription [27] , was significantly increased in MAC-infected macrophages, with optimal gene expression evident at 4-7 hours and declining but still significantly elevated expression 18 hours after infection ( Figure 6B ). The level of STAT3, another transcription factor that regulates IL-17 transcription, was enhanced in macrophages exposed to MAC ( Figure 6C ). Despite a 10-20-fold increase in IL-17A/F expression 1 hour after exposure to MAC, IRF4 and STAT3 levels were not significantly elevated within 3-4 hours, potentially sustaining IL-17 expression in infected cells.
Another potential regulatory molecule is IL-21, known to participate in IL-17 regulation in Th17 cells by mechanisms involving IRF4 and STAT3 [27, 28] . MAC induced transcriptional IL-21 activation in macrophages, but, of interest, this occurred in a somewhat delayed fashion. Rather than preceding detection of IL-17, IL-21 was detected after 3-4 hours of bacterial exposure ( Figure 6D ), and the level was declining by 8 hours (data not shown), which suggests maintenance rather than induction of IL-17. Blockade of IL-21 in infected cultures resulted in a 40%-50% reduction in MACinduced levels of IL-17 ( Figure 6D ). In this regard, exogenous IL-21, modestly (by 2-3-fold) increased IL-17 levels in control macrophages ( Figure 6E ), whereas higher IL-17 transcription was evident when IL-21 was added concomitantly with MAC ( Figure 6E ). These results may be explained, at least in part, by the ability of IL-21 to enhance transcription of IRF4 (by approximately 2-fold) ( Figure 6E ), which may support not only IL-17 transcription, but also its own expression [27] . Moreover, IL-21 was detected in coinfected lymph nodes ( Figure 6F ) in populations corresponding with CD68 staining and also in infected macrophages in vitro ( Figure 6G ).
MAC Induces Immunosuppressive Molecules
Recent evidence suggests that IL-21 may also be of significance in regulating dendritic cell expression of SOCS [29] . Here, we show that addition of exogenous IL-21 to human macrophages in vitro significantly augmented SOCS1 (data not shown) and SOCS3 transcription ( Figure 7A ). As we previously showed, SOCS is also induced by MAC, with maximal levels detectable within 3-4 hours ( Figure 7B ) [13] , and collectively, these pathways leading to SOCS could dampen host responses to the protective cytokine IFN-γ. Reportedly, IL-17 and IL-21 can influence programmed death 1 (PD1) and its ligands (PD-L1/ PD-L2) to further exert suppressive roles on myeloid cells restricting T-lymphocyte function [30, 31] . Of importance, PD1/ PD-L1 play key roles in chronic viral infections, including those due to HIV [32] . In our studies, exposure of macrophages to IL-21 resulted in an increase in CD274/PD-L1 mRNA ( Figure 7C ), while exposure of macrophages to MAC led to striking levels of CD274/(PD-L1) mRNA and cell surface . B, Transcriptional analysis of levels of IL-17F mRNA in unexposed and MAC-exposed macrophages, as determined by real-time RT-PCR (*P ≤ .05; n = 3). C, Levels of IL-17 transcription after exposure of T lymphocytes to medium alone, MAC (ratio, 10:1), anti-CD3/CD28 antibodies, or phytohemagglutinin for 4 hours (*P ≤ .01; n = 3). D, Increased IL-17 protein in culture supernatants of macrophages that or were not exposed to MAC (ratio, 10:1) for 4-8 hours in vitro (*P < .01; n = 3). E, IL-17 transcription and viral p24 antigen levels (inset) in macrophages exposed to MAC for 4 hours at periods of 2 hours or 7 days after HIV infection (*P ≤ .05, **P < .01; n = 3). F, CXCL10 gene expression after macrophages were incubated with MAC and/or IL-17 for 4 hours, showing modulation of CXCL0 by MAC and IL-17, as determined by real-time RT-PCR (*P < .01 for no exposure vs MAC exposure, **P < .05 for MAC-or IL-17-alone exposure vs both IL-17 and MAC exposure; n = 3). The inset shows levels of CXCR3 mRNA in monocytes exposed to MAC for 4 hours (*P < .05; n = 3). Representative donor data are shown. expression (60% increase), compared with values in unexposed macrophages. Moreover, a 2-4-fold increase in mean fluorescence intensity was noted in MAC-exposed cultures ( Figure 7D and 7E) but not for PD1 ( Figure 7E ). An increased CD274/ PD-L1 level was evident 1 hour after infection, and significantly elevated transcription was still seen 8 hours after infection. Even higher levels of CD274/PD-L1 mRNA were detected following concomitant exposure of monocytes or macrophages to IL-17 and MAC ( Figure 7F and 7G) . Augmentation of CD274/(PD-L1) appeared to be relatively specific in that gene expression for PD-L2 and PD-1 was variable or unaltered in multiple donors. These data shed light on novel MAC-induced immunosuppressive mechanisms that may permit this opportunistic pathogen to prevail in immunocompromised hosts.
DISCUSSION
Our studies reveal the involvement of IL-17 in the host innate immune response to the opportunistic bacterium MAC. However, unanticipated was the finding that macrophages rather than T cells were the cellular source of IL-17. We provide data supporting the notion that IL-17 plays a role during early host immune responses against mycobacteria, evident shortly after in vitro exposure of macrophages to MAC. Moreover, detection of IL-17 in macrophages from coinfected lymph nodes of patients with AIDS suggests that IL-17 contributes to the immune response and persistence of MAC infection in the immunocompromised host, where IL-17 can lead to recruitment of new hosts and support IFN nonresponsiveness. IL-17F, one of the members of the IL-17 family with the most homology to Figure 5 . Mycobacterium avium complex (MAC)-induced interleukin 17 (IL-17) is mediated by NF-κB and mitogen-activated protein kinase (MAPK) pathways. A, Human macrophages were incubated with MAC, and whole protein cell lysates were generated after 15 and 30 minutes and examined for P-IκB activation and IκB by Western blot. B, Preexposure of macrophages to the NF-κB inhibitor Bay-11-7082 (for 1 hour) suppressed MAC-induced IL-17A, as shown by real-time polymerase chain reaction (*P < .01 for no exposure vs MAC exposure, **P < .05 for both MAC and inhibitor exposure vs MAC-only exposure; n = 3). C, Whole protein cell lysates (30 minutes) from unexposed and MAC-exposed macrophages were analyzed for phosphorylation of p38 and Erk1/2 MAPK and total MAPK (n = 3). D, IL-17 mRNA expression in macrophage cultures preexposed to a p38 or Erk1/Erk2 MAPK inhibitor for 1 hour prior to exposure to MAC for 4 hours (*P < .01 for no exposure vs MAC-only exposure, **P ≤ .01 for both MAC and inhibitor exposure vs MAC-only exposure; n = 3). Representative donor data are shown.
IL-17A induced in activated monocytes [33] , was also elevated in MAC-infected macrophages.
IL-17A/F are potent inducers of inflammatory mediators, including chemokines such as CXCL10 [22] . CXCL10 participates in recruitment of T lymphocytes, monocytes, and macrophages [23, 24] , and elevated levels of CXCL10 correlate with poor response to treatment in patients with MAC infections [16] . IL-17 may further sustain inflammation by enhancing the stability of chemokine mRNA transcripts [34] . Therefore, enhanced CXCL10 induction by MAC and IL-17 suggests that this mechanism may be operational and contribute to continuous recruitment of new targets for bacterial and viral infections.
Our study shows that MAC induces IL-17 production through a mechanism involving the MAPK and NF-κB pathways. Recent reports have shown that chitin, a ubiquitous polysaccharide in fungi, insects, and parasites, regulates IL-17 and acute tissue inflammation in macrophages [35] and that p38MAPK influences IL-17 [36] . In addition, TLR2 stimulation in combination with T-cell receptor activation can promote Th17 differentiation [37] .
Prolonged IL-17 expression in mycobacteria-exposed macrophages correlated with high IRF4 and STAT3 levels, which are known to support IL-17 [14, 26] . These findings correlated with enhanced expression of IL-21, a regulator of IL-17 that is important for Th17 polarization and differentiation, representing an alternative pathway for generation of the Th17 subset [38] , which we considered to be a potential regulator of macrophage IL-17. The synergistic effect of MAC and IL-21 on IL-17 transcription can be explained, at least in part, by the IL-21) . A, IL-17 messenger RNA (mRNA) levels in total mRNA from macrophages exposed to MAC (ratio, 10:1) for 4-18 hours (*P < .01; n = 3). B, Findings of kinetic transcriptional analysis of IRF4 mRNA in macrophage cultures incubated with MAC for various intervals (*P < .05; n = 3). C, STAT3 mRNA levels in macrophages that were or were not exposed to MAC (*P < .05; n = 3). D, Findings of kinetic transcriptional analysis of IL-21 and IL-17 by real-time reverse-transcription polymerase chain reaction in macrophage cultures incubated with MAC for 1-4 hours (*P < .01; n = 3). The inset shows findings for macrophages that were incubated with MAC overnight in the presence or absence of neutralizing IL-21 antibodies and evaluated for IL-17 transcription. Results are expressed as percentage response, compared with cultures that did not receive antibodies (*P < .05). E, IL-17 mRNA levels in macrophages exposed to MAC and/or IL-21 (10 ng/mL) for 4 hours (*P ≤ .05, **P < .01; n = 3). The inset shows IRF4 mRNA levels in macrophages that were exposed to IL-21 for 4 hours (*P < .05; n = 3). Data are for a representative donor. F, Immunohistochemical staining revealed IL-21-positive cells in lymph node tissue from an individual with AIDS who was coinfected with MAC and HIV-1. G, Whole cell protein extracts of macrophages exposed to MAC showed enhanced IL-21 protein expression, compared with unexposed cultures, as determined by Western blot (n = 3).
fact that macrophages cultured with IL-21 or MAC show enhanced gene expression of IRF4, which is known to participate in the transcriptional regulation of IL-17 and IL-21 [27, 28] . IL-21, in turn, activates the MAPK pathway [39] and influences phosphorylation of IRF4 [27] . While we cannot rule out the participation of additional factors in the regulation of IL-17 in macrophages [14] , RORγt gene expression linked to regulation of IL-17 downstream of IRF4 [14] was not significantly increased in macrophages by MAC (data not shown).
Despite the IL-17-propagated inflammatory response, macrophages in the immunocompromised host do not clear MAC, in part because of enhanced SOCS1/3 interference with IFN-γ signaling [13] . Here, we show that abrogation of IFN-γ-protective innate immune responses may be further exacerbated by IL-21-driven SOCS, consistent with its effects in dendritic cells [29] . Higher SOCS expression is found in patients with tuberculosis and recurrent tuberculosis, and reduction of SOCS expression has been considered a plausible approach to improve host protective responses [40] . SOCS may also interfere with protective antiviral activity of type I and type II interferons [13, 41] . Further complicating this scenario is the fact that infection of macrophages with MAC in the presence or absence of IL-21 enhanced levels of immunosuppressive CD274/PD-L1, as did coexposure to IL-17 and mycobacteria, likely via MAPK [30, 42] . This can be further aggravated by the ability of HIV-1 to enhance CD274/PD-L1 on macrophages, mediated via TLR [43] . CD274/PD-L1, considered a marker for disease progression, and its receptor, Figure 7 . Expression of suppressors of cytokine signaling (SOCS) and CD274 by Mycobacterium avium complex (MAC) and MAC-induced cytokines. A, SOCS3 gene expression with and without exposure to exogenous interleukin 21 (IL-21) (*P ≤ .01; n = 3). B, SOCS messenger RNA (mRNA) levels in macrophages after no exposure or 1-4 hours of exposure to MAC, as determined by analysis of total mRNA levels (*P ≤ .01; n = 3). C, CD274 mRNA levels in macrophages with or without exposure to IL-21, as determined by real-time reverse-transcription polymerase chain reaction (RT-PCR) detection of CD274/PD-L1 (*P < .05; n = 3). D, CD274 mRNA levels in macrophage cultures with or without exposure to MAC alone for 1-8 hours, as determined by real-time RT-PCR analysis of total mRNA for detection of CD274/(PD-L1) (*P ≤ .05, **P ≤ .01 for no exposure vs MAC exposure; n = 3). E, Flow cytometry analyses of unexposed (blue line) and MAC-exposed macrophages (red line) for CD274 or PD1 (inset). The gray line denotes isotype. F, CD274 mRNA levels in monocytes with or without exposure to MAC and interleukin 17 (IL-17) for 4 hours, as determined by real-time RT-PCR (*P < .005 for no exposure vs MAC-only exposure, **P < .05 for no exposure vs IL-17-only exposure, ***P = .03 for both MAC and IL-17 exposure vs MAC-only exposure; n = 3) G, CD274 mRNA levels in macrophage cultures exposed to MAC and/or IL-17, as determined by real-time RT-PCR (*P = .002 for no exposure vs MAC exposure, *P = .002 for no exposure vs both MAC and IL-17 exposure, **P < .05 for no exposure vs IL-17 exposure, ***P < .05 for MAC-only exposure vs both MAC and IL-17 exposure; n = 3). Representative donor data are shown (n = 3).
PD1, are augmented on monocytes/macrophages and T cells during HIV-1 infection, suggesting dampening of the HIVspecific effector T-cell function [32, 43, 44] . Although IL-21-producing CD4 + T cells have been associated with retroviral control by affecting CD8 + T lymphocytes in patients with a low viral load [45] , in immunocompromised hosts, IL-21 may deflect innate and adaptive protective immune responses by inducing SOCS and CD274 expression. In addition, the PD-1/PD-L1/PD-L2 pathway has been connected to suppression of effector T-cell function against Mycobacterium tuberculosis [46] . Although appropriate levels of IL-17 are thought to have a protective role in response to infection, especially during the early stages of infection with HIV-1 and M. tuberculosis, persistent IL-17 is also associated with tissue-damaging inflammation and negative outcomes [22, 47] . For instance, IL-17 has been reported to have immunopathological roles during infection with multidrug-resistant M. tuberculosis and persistently elevated levels of antigen [48] . IL-17 contributes to the pathogenesis of autoimmune/inflammatory conditions such as rheumatoid arthritis, systemic lupus erythematosis, multiple sclerosis, Sjögren syndrome, asthma, and Crohn disease [15, 22] . IL-17 in CD68
+ monocytes/macrophages found in inflamed mucosa of patients with inflammatory bowel disease has been linked to induction and persistence of mucosal inflammation [49] . Recently, tissue macrophages expressing IL-17 have been described in breast tumors, where they promote invasiveness [50] . MAC regulates multiple host molecules in macrophages in vitro, corresponding to evidence of their dysregulation in vivo [13, 18] . Here, we exposed a new strategy used by this opportunistic pathogen to promote persistence within the macrophage. It is possible that, initially, IL-17 production by MAC-infected macrophages may aid in recruiting cells and thereby mediate resistance/protection activities that are important during the early innate immune response. In immunocompromised individuals and during advanced disease, dysregulated production of IL-17 in the absence of Th1 lymphocytes, IFN-γ, or appropriate counterregulatory mechanisms to disengage IL-17 responses could drive pathogenesis.
Notes
